The quality of the machining is measured from surface finished and it is considered as the most important aspect in composite machining. An appropriate and optimum machining parameters setting is crucial during machining operation in order to enhance the surface quality. The objective of this research is to analyze the effect of machining parameters on the surface quality of CFRPAluminium in CNC end milling operation with PCD tool. The milling parameters evaluated are spindle speed, feed rate, and depth of cut. The L 9 Taguchi orthogonal arrays, signal-to-noise ( / ) ratio, and analysis of variance (ANOVA) are employed to analyze the effect of these cutting parameters. The analysis of the results indicates that the optimal cutting parameters combination for good surface finish is high cutting speed, low feed rate, and low depth of cut.
Introduction
Machining parameters and process of composite materials are important to produce the necessary part for resulting assembly and achieved required geometrical shapes and dimensional tolerances. Conventional machining process such as milling, drilling, turning, abrasive cutting, and grinding are frequently used for producing complex characteristic of composite part. Normally it is done by removing materials in term of chips formation. The shape and size of chip removed, material removal rate, and excellent surface finish are directly related to the kinematic relationship between the cutting tool and workpiece [1] .
Commonly, composite product is produced with nearnet shapes and requires a secondary process. The manufacturer will use milling process for removing the unnecessary material to the required geometrical shape, dimensional tolerances, and high quality finished. As mentioned in [2] , milling operation is used as a corrective machining process in composite manufacturing so that good and high quality surfaces are achieved. The type of fiber used in composites has greater influence in selection of cutting tools and machining parameters. It is important to ensure that the tool selected for machining process is suitable for material. The knowledge of cutting mechanism is essential to optimize the machinability in milling. Surface roughness has a main influence on dimensional precision, performance of mechanical pieces, and production costs [3] . For these reasons, the manufacturer are carried out for optimizing the cutting condition to reach the specific surface roughness [4] [5] [6] . The demand for high quality and fully automated production focuses on the surface condition of product manufactured especially the roughness of the machined surface due to the effect on product appearance, function, and reliability and importance to be consistent in the tolerance and surface finish [7] . Surface roughness also influences diagnosing of the stability of machining process where reducing the surface quality may indicate the workpiece material nonhomogeneity, progressive tool wear, cutting tool chatter, and so forth [8] .
Previous works from various researchers reported that the surface roughness and delamination factor are strongly dependent on cutting parameters, tool geometry, and resultant machining force [9] [10] [11] . In every machining process, cutting speed had strong influence on the quality of surface 2 International Journal of Manufacturing Engineering finish. Most of the researchers found that increasing of cutting speed improves the surface finish where the surface roughness is decreased and at the same time machinability is improved [4, [9] [10] [11] [12] . Gökkaya [12] found that the best cutting speed to obtain the minimum roughness average ( ) is in the range of 200 m/min for all feed rates. Santhanakrishnan et al. [9] found that the minimum value of is on the highest speed which is 500 m/min and 0.10 mm/rev of feed rate. However, feed rate is more dominant in determining the surface roughness of machined product. The increasing of feed rate leads to the increasing of surface roughness which decreases the quality of surface finish [4, 5, 9, [13] [14] [15] [16] . In end milling, the use of high cutting speed and low feed rate (0.01 mm per tooth) is recommended to obtain better surface finish for a specific test range [14] . Al Hazza and Adesta [15] defined that the lowest feed rate (0.05 mm rev −1 ) and highest cutting speed caused the optimal surface roughness value.
In order to get good surface quality, it is necessary to use optimization technique to find optimal machining parameters. This paper investigates the effect of machining parameters on the quality of surface finish of CFRP-Aluminium composite laminate using Taguchi design of experiment (DOE) method. Taguchi method is able to systematically formulate the experimental layout, analyze the considerable influence of each experimental parameter using statistical analysis of variance (ANOVA), and after all determine the optimal parameters combination to yield the best machining condition. Taguchi used the signal-to-noise ( / ) ratio as the quality characteristic of choice. / ratio can represent the average (mean) and variation (standard deviation) of the experimental results [9, 10] . The machining parameters involved in this experiment are cutting speed, feed rate, and depth of cut. The main objective is to find the combination of machining parameters to achieve low surface roughness during end milling.
Material and Method
In the present work, a series of machining tests are carried out using HAAS CNC Milling VF-6 machine to do the machining operation of CFRP-Aluminium composite laminate. The machining processes are performed under dry conditions. Meanwhile, the workpiece materials having the size 100 mm × 100 mm × 7 ± 0.5 mm is made by the combination of carbon fiber reinforced polymer (CFRP) and aluminium alloy 2024-T3. In this experiment, the selected cutting tool is polycrystalline diamond (PCD) end mill with 6 mm diameter and 0.2 mm corner radius. as well as having a safer and cleaner fabrication environment. During the fabrication, the UDCF prepregs are laminated in 0 ∘ , 45 ∘ , and 90 ∘ directions and layered with Al 2024-T3 alternately. Figure 1 shows the layup arrangement of CFRPAluminium composite laminates. After curing process, the composite laminates are cut and trimmed into required size: 100 mm × 100 mm × 7 mm. Figure 2 shows the workpiece for this experiments.
Milling Process.
As previously mentioned, the machining operations are carried out using HAAS CNC Milling VF-6 machine as shown in Figure 3 (a) under dry condition. An end mill used in this experiment is double tooth cutter with cutting edges of PCD; see Figure 3 (b). The numerical control (NC) codes are generated using MASTERCAM software. The codes contain the machining parameters such as cutting speed, feed rate, and depth of cut and the info needed like machining period, type of workpiece material, and type of cutting tool. Figure 4 shows the tool engagement on workpiece. The sections that need to be machined and the workpiece after being machined are shown in (i) Section 1 (S1) represents the effect of machining on pocket.
(ii) Section 2 (S2) represents the effect of machining on corner part.
(iii) Section 3 (S3) represents the effect of machining on simple part.
Surface Roughness Measurement.
The centre line average ( ) is commonly used for surface roughness measurement using MarSurf PS1 as shown in Figure 6 . This device is a compact roughness measuring instrument for mobile use.
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Experimental Design
The experiment is performed to investigate the effect of one or more factors of process parameters on quality of surface finish. In this study, Taguchi design of experiment (DOE) is used to design the experimental matrix. Taguchi method is a systematic method to plan the experiment based specially on design of orthogonal array (OA) that can significantly reduce the number of experiments but in highly acceptable results.
The three important machining parameters involved in this experiment are cutting speed, feed rate, and depth of cut, which affected the surface roughness of machined surface. Three different levels, 1 (low), 2 (medium), and 3 (high), of each parameter are selected for experimentation which represent the typical range of machining parameters employed in industry using PCD cutter. The range of machining conditions is selected based on the range suggested by the cutting tool manufacturer, VHF Camfacture AG. By considering the workpiece consisting of two different materials, the range of each parameter has to be in the range of aluminium and carbon reinforced plastic (CRP). The selected experimental parameters and their levels are indicated in Table 1 .
In traditional full factorial, there are 27 experiments needed to complete all the experimental works of three factors and three levels. However, by using Taguchi method, with selected parameters and levels, current parametric study could be well performed using L 9 OA where only nine experiments should be run to complete the array.
Results and Analysis
The objective of this experiment is to optimize the milling parameters to get minimum surface roughness of machined surface using the smaller the better characteristics. Table 2 shows the actual data for surface roughness of three different sections (S1, S2, and S3) with their calculated / ratio, whereas Tables 3(a)-3(c) show the mean / ratio for each level for S1, S2, and S3, respectively. Their data are then plotted as shown in Figures 7(a)-7(c) , respectively.
The quality characteristic for surface roughness is the smaller the better. The / ratio of each experimental run is calculated using the following equation:
where is the number of observations and is the observed data.
The surface roughness data are analyzed using Taguchi method. Taguchi suggested analyzing the means and / ratio using conceptual approach that concerned graphing the effect and visually identifying the factors that come out to be significant without using ANOVA to make the simplest analysis. Analysis of the effect of machining parameters is carried out on / ratios of machinability output using response table and analysis of variance (ANOVA). Response table allowed the direct identification of parameters effect to the surface roughness by viewing the difference between the maximum and minimum / ratio values. The higher the difference is, the stronger the influence the factor will have on surface roughness.
The three sections show the same pattern of optimum machining parameters even though the values are different in each section. Combination of feed rate and cutting speed provides the strongest effect on where feed rate is the dominant factor at 62.67% for S1, 49.49% for S2, and 52.34% for S3, and cutting speed is the dominant factor at 17.24% for S1, 22.28% for S2, and 25.72% for S3 as shown in ANOVA in Tables 4(a 
)-4(c).
For further understanding the effect of main parameters, the surface plots of surface roughness against the parameters are created in Figures 8(a)-8(c) . The figures show the interaction of feed rate and spindle speed to the surface roughness. It is found that the higher spindle speed may decrease the surface roughness. The highest values of are found when the feed rate = 1600 mm/min and spindle speed = 3000 rpm. Generally, the combination of high spindle speed and low feed rate produces better surface finish, supported by previous findings of others. In the scanning electron microscope (SEM) images as shown in Figure 9 , it is apparent that sharp and brittle fractures of fiber indicate the failure modes. From the figure, it is found that the highest speed and lowest feed rate give the better surface finish. 
Discussions
Surface roughness plays an important role in many areas and one of the factors of great importance in evaluation of machining accuracy. Machining parameters such as cutting speed, feed rate, and depth of cut have significant influence on the surface roughness for a given machining setup. The mechanism of machining process in CFRP-Aluminium composite is due to the combination of tool geometry, bending rupture shear, and plastic deformation and the mechanisms are dependent on the fiber orientation, the toughness of fiber and aluminium, and the flexibility of metal and fiber. These mechanisms form a surface texture on the workpiece [17] . The variation of surface roughness with respect to the machining parameters indicates that the surface roughness fluctuated for various spindle speed, feed rate, and depth of cut. The surface roughness is better at high spindle speed, low feed rate, and low depth of cut. With reference to Figure 9 the micrographs of workpiece surfaces after machining operation with different parameters. The micrographs show the surface profile obtained from low, medium, and high spindle speed and feed rate. The surface roughness is rapidly increased at the highest feed rate. The increase of feed rate leads to the increase of heat generated and thus tool wear which resulted in the higher surface roughness. The highest feed rate also results in increased chatter and produced incomplete machining at faster traverse and causes a higher surface roughness [5, 18] .
The surface roughness data are analyzed using conceptual signal-to-noise ( / ) ratio approach. The use of / ratio for selecting the combination levels for surface roughness value International Journal of Manufacturing Engineering recommends the use of low value of feed rate in order to get good surface finish. Feed rate is found to be the most significant effect to produce the minimum value of arithmetic average surface roughness ( ). The presented statistical analysis of factorial effect recommended that the combination of feed rate and cutting speed has significant effect on . The values apparently increased with the increase of feed rate as shown in Figure 8 , whereas the marginal improvement of regarding the increasing of cutting speed. As mentioned before, feed rate has more dominant influence on than cutting speed and depth of cut due to the influence of mechanism of chip formation [11] . The velocity of chip is faster at high cutting speed and low feed rate that lead a shorter time for the chip to be in contact with the new machined surface and the probability of the chip to left over the new formed surface is small [14] . The S3 has higher value compared to of S1 and S2. The stiffness of workpiece is reduced during machining S3 part due to the change of workpiece thickness, causing the increasing of and percentage error. S1 gives the best result of surface roughness due to the theory provided by Ghani et al. [19] that the cutting process should proceed from the least supported area to the best supported area which improves the stability of workpiece stiffness.
Conclusion
This study has presented the experimental investigation of end milling CFRP-Aluminium composite laminate using Taguchi design of experiment method. The following conclusions can be drawn based on the results obtained:
(i) Feed rate has the most dominant factor in influencing the surface roughness, , followed by spindle speed with each factor contributing as follow: S1 = 62.67%, S2 = 49.49%, S3 = 52.34% and S1 = 17.24%, S2 = 22.28%, S3 = 25.72%, respectively.
(ii) The dominant effect of feed rate on surface roughness is possibly accredited to the different mechanism of chip formation at different feed rate.
(iii) SEM images are used to verify the surface integrity and morphology of the machined laminates.
(iv) The influence of depth of cut on surface roughness is insignificant.
(v) The parameters considered in the experiments are optimized to achieve minimum surface roughness using response table, normal probability plot, and analysis of variance (ANOVA) technique.
